[1] Plume heat flux and plume excess temperature in the upper mantle inferred from surface observations may pose important constraints on the heat flux from the core and mantle internal heating rate. This study examined the relationship between plume heat flux Q p , core-mantle boundary (CMB) heat flux Q cmb and plume excess temperature DT plume in thermal convection using both numerical modeling and theoretical analysis. 3-D regional spherical models of mantle convection were computed with high resolution and for different Rayleigh number, internal heat generation rate, viscosity structures and dissipation number. An analytic model was developed for variations in Q p and DT plume with depth. The results can be summarized as following. (1) Mantle plumes immediately above the CMB carry nearly 80%-90% of the CMB heat flux. (2) Q p and DT plume decrease by approximately a factor of two for plumes to ascend from near the CMB to the upper mantle depth. (3) Our analytic model indicates that the decrease in Q p and DT plume is mainly controlled by the steeper adiabatic gradient of plumes compared with the ambient mantle and the reduction ratios for Q p and DT plume due to this effect depend upon the dissipation number and the distance over which plumes ascend. (4) The subadiabatic temperature also contributes to the reduction of Q p and DT plume , but its contribution is only 20% to 30%. Subadiabatic temperature from our models with >50% internal heating rate ranges from 35 K to 170 K for CMB temperature of 3400°C. (5) Our results confirms that $70% internal heating rate for the mantle or Q cmb of $11 TW is required to reproduce the plume-related observations.
Introduction
[2] Understanding the heat budget of the Earth's mantle is important for studies of dynamic evolution and chemical composition of the Earth's core and mantle. It is generally agreed that the total surface heat flux of the Earth is about 43 TW. Excluding radiogenic heating of $7 TW in continental crust leads to 36 TW heat flux that can be attributed to mantle convection processes. Three main heating sources for this 36 TW heat flux include the heat flux from the core, Q cmb , the radiogenic heating in the mantle, Q rad , and the heat associated with secular cooling of the mantle, Q sec . However, how these three heating sources are partitioned to make up the total surface heat flux remains unresolved [Davies, 1999; Zhong, 2006] .
[3] Q cmb provides the basal heating for the mantle and controls the cooling of the core, while Q rad and Q sec constitute the internal heating for mantle convection. Mantle upwelling plumes, which may form at the core-mantle boundary (CMB) due to thermal boundary layer instability and rise to the surface to generate hot spot volcanisms [Morgan, 1971] , have been considered as the most important agent to transfer Q cmb to the Earth's surface. The plume heat flux estimated from swell topography and plate motion is 2.4-3.5 TW [Sleep, 1990; Davies, 1988] . This is often taken as Q cmb , based on two assumptions: (1) Q cmb is entirely transferred by the plumes and (2) the plume heat flux does not change when plumes rise from the CMB to surface.
[4] However, these two assumptions have been questioned recently based on numerical modeling of mantle convection [Labrosse, 2002; Bunge, 2005; Mittelstaedt and Tackley, 2006; Zhong, 2006] . First, Labrosse [2002] found from 3-D Cartesian isoviscous models with the Boussinesq approximation that the CMB heat flux is controlled by cold downwellings rather than plumes, and he suggested that the plume heat flux is only a fraction of Q cmb . Mittelstaedt and Tackley [2006] quantified the plume heat flux using 2-D numerical models in three different geometries and also found that the plume heat flux in the upper mantle is a fraction of the CMB heat flux. Bunge [2005] suggested that subadiabatic temperature may have significant effects on the plume heat flux. On the basis of his 3-D spherical model calculations that may yield as large as 500 K subadiabatic temperature, Bunge [2005] suggested that plume heat flux in the upper mantle may only be 1/3 of Q cmb , if plume excess temperature in the upper mantle is $250 K. However, Bunge did not quantify the plume heat flux as did by Mittelstaedt and Tackley [2006] .
[5] Zhong [2006] quantified the depth-dependence of plume heat flux in 3-D regional spherical models of mantle convection with the extended-Boussinesq approximation. Zhong [2006] found that the plume heat flux represents a large fraction of Q cmb as plumes form near the CMB, but the plume heat flux decreases continuously by as much as a factor of 2-3 as plumes rise from the CMB to the upper mantle. Zhong [2006] suggested that the reduction in plume heat flux as plumes rise is caused by adiabatic cooling and diffusive cooling of plumes and subadiabaticity. Zhong [2006] also showed that Q cmb may be required to account for 35% of the surface heat flux from mantle convection, (i.e., internal heating rate for the mantle is 65%), to reproduce plume-related observations including the plume heat flux and plume excess temperature in the upper mantle.
[6] It is important to understand to what extent plume heat flux represents Q cmb and what controls the reduction of plume heat flux as plumes rise. In this paper, we formulated a simple analytic model for plume heat flux and plume temperature variations with depth. We performed model calculations similar to those by Zhong [2006] , but with a larger parameter space and higher resolution. The higher resolution enables us to better quantify the variations of heat flux and temperature with depth. Also, the larger parameter space, particularly larger activation energy, varying lithospheric viscosity and varying dissipation number, ensures the robustness of our results. We quantified the ratio of plume heat flux to Q cmb and also the ratio of plume heat flux reduction as plumes rise.
[7] This paper is organized as follows. We first describe our models and a plume detection scheme. Then, the results for several groups of models are shown and analyzed. After a simple analytic model for the plume heat flux variation is derived and compared with numerical model results, the plume-related observations are used to constrain the internal heating rate of the mantle. Finally, the main conclusions are drawn and discussed.
Model Setup and Plume Detection Scheme

Model Setup
[8] Our models are similar to those by Zhong [2006] . Here we only describe the main features of our models, and for detailed descriptions including governing equations readers should refer to Zhong [2006] . We use the extendedBoussinesq approximation to describe mantle convection for an incompressible fluid [Christensen and Yuen, 1985] . Our models include an exothermic phase change at 410-km depth and an endothermic phase change at 670-km depth. Our models also take into account of the latent heating from the phase changes, adiabatic heating, viscous heating and radiogenic heating.
[9] Our models employ depth-dependent thermodynamics properties. From the surface to CMB, the coefficient of thermal expansion a decreases by a factor of 5, whereas thermal diffusivity k increases by a factor of 2.18.
[10] Mantle viscosity in our models is both depth-and temperature-dependent. The nondimensional viscosity is defined as [Zhong, 2006] :
where r and T are nondimensional radius and temperature, with r varying from r i = 0.55 at the CMB to r o = 1.0 at the surface. Depth-dependent parameter h r is 1/30 between 100 km and 670 km depths, and 1 in the lower mantle. We define h r in the lithosphere (i.e., between the surface and 100 km depth) as h r_lith , which is a variable in our models. E is the nondimensional activation energy. T adi (r) is the adiabatic temperature at radius r and is determined by downward integration of adiabatic gradient ga(r)T ave (r)/C p [Turcotte and Schubert, 2002] from the base of the top thermal boundary layer r ttbl where the adiabatic temperature is T adi (r ttbl ). In the adiabatic gradient, g, a(r), T ave (r) and C p are gravitational acceleration, coefficient of thermal expansion at radius r, average temperature at radius r, and specific heat, respectively. DT s_a is the total super-adiabatic temperature difference from the CMB to surface.
[11] The Rayleigh number is defined using the thickness of the mantle, surface values of coefficients of thermal expansion and thermal diffusivity, and viscosity at the CMB. The equation for definition of Rayleigh number is given by Zhong [2006] . We use the thickness of the mantle to define the dissipation number instead of the Earth radius that was used by Zhong [2006] :
where a 0 and d are the surface value of coefficient of thermal expansion and the thickness of the mantle. The model parameters are shown in Table 1 .
[12] The domain of our regional spherical models is from 0.55 to 1 in radial direction for nondimensional radius, 65°t o 115°in colatitude direction, and 0°to 55.3°in longitude direction. The three governing equations are solved with a parallel finite element code CitcomCU [Moresi and Gurnis, 1996; Zhong, 2006] . The typical resolution used for the computation is 256, 192 and 64 elements in longitude, colatitude and radial directions, respectively. The number of elements used here is the same as by Zhong [2006] . Since Thermal expansivity decreases by a factor of 5 from the surface to the CMB, while thermal conductivity increases by a factor of 2.18 from the surface to the CMB.
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A Plume Detection Scheme
[13] In order to study the dynamics of plumes, we need to quantify the properties of plumes in convection models. First, we quantify temperature profiles of the mantle. T max (r) and T ave (r) are the maximum temperature and averaged temperature at different radius r, respectively.
[14] We define and locate upwelling plumes using the same scheme as by Zhong [2006] which is similar to that by Labrosse [2002] . Two parameters, f and r arc , are used to define the plumes. Here, parameter f determines the temperature threshold T thre_mid (r) for the maximum temperature of a plume:
At radius r, only when the maximum temperature of an upwelling is higher than T thre_mid (r), the upwelling is qualified as a plume. Parameter r arc controls the maximum radial extent of a plume. The plume detection can be described as following. For a given radius r, all the elements at this radius are first indicated as unmarked. The detection scheme searches all the unmarked elements, and finds the element with the maximum temperature. If the maximum temperature is higher than T thre_mid , this element is defined as the center of a new plume. All the unmarked elements in the vicinity of the plume center are examined. An element is marked as part of this plume if its temperature is higher than a threshold background temperature T thre_edge , its radial velocity is upward, and its distance to the center is smaller than r arc . After a plume is detected, the detection will start again for the next plume until there is no new plume found at this radius. Then the detection moves to next radius. We use T ave as T thre_edge , but we also examined the effect of T thre_edge on our plume detection scheme, as will be discussed later.
[15] After all the plumes are identified, the total plume heat flux Q p (r) is computed as:
where S is the plume area, q adv = u r [TÀT ave (r)] is the convective heat flux, with u r as radial velocity. Similarly, we define the plume mass flux M(r) as:
[16] To determine the plume temperature at a given radius r, we take the maximum temperature of each plume at this radius, and compute the averaged plume temperature T p (r) for all the plumes. After T p (r) is obtained, the plume excess temperature is simply defined as
3. Results
The Plume Heat Flux and Plume Excess Temperature
[17] Twenty nine models with different parameters are computed (Table 2) . We first present case WM01 with Rayleigh number Ra = 1.2 Â 10 8 , internal heat generation H = 72, and activation energy E = 6.91. This activation energy leads to viscosity variations of 10 3 for temperature varying from the CMB to surface. A representative steady state thermal structure shows well developed upwelling plumes and downwelling slabs (Figure 1) . The horizontally averaged temperature T ave (r) decreases with radius due to the adiabatic cooling, but the plume temperature T p (r) decreases more rapidly than T ave (r) (Figure 2a ). The elevated T ave (r) and T p (r) in the upper mantle are caused by the latent heating of 410-km and 670-km phase changes. Here, plumes are detected using the schemes described in section 2.2 with f = 0.2, r arc = 0.15 (i.e., 950 km) and T thre_edge = T ave (r). The effects of these parameters will be discussed later. Temperature, convective heat flux and identified plume regions are shown in Figure 3 for 1970 km and 300 km depths. We also determine the mantle adiabat T adi (r) 
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LENG AND ZHONG: PLUME HEAT FLUX AND PLUME EXCESS TEMPERATURE by integrating the adiabatic temperature gradient [Turcotte and Schubert, 2002; Zhong, 2006] from the upper mantle to CMB, assuming that the adiabatic temperature in the upper mantle (i.e., 300 km depth) is the same as T ave ( Figure 2a ).
The averaged temperature T ave (r) is slightly smaller than T adi (r) for most of the mantle, and the difference between T adi (r) and T ave (r) is subadiabatic temperature.
[18] The depth-dependent plume heat flux and total heat flux normalized by the surface heat flux are presented in Figure 2b . We do not analyze plumes near the top and bottom thermal boundary layers (TBLs) because plumes are not well defined there. As observed by Zhong [2006] , the plume heat flux decreases as plumes rise from near the CMB to the upper mantle. The phase changes cause significant variations in local heat flux, but they do not change the general trend (Figure 2b ). The total heat flux increases continuously from the CMB to surface due to the internal heating. The internal heating rate is defined as z m = (Q s ÀQ cmb )/Q s , where Q s and Q cmb are the heat flux at the surface and the CMB, respectively. The internal heating rate for case WM01 is determined to be 54%. For thermal convection at a perfectly steady state the difference between Q s and Q cmb should be equal to the internal heating which is the product of the internal heat generation, H and the volume of the model, V. For case WM01, Q s = 25.8, Q cmb = 11.9 and HV = 16.3. The $9% difference between Q s and Q cmb + HV B04408 LENG AND ZHONG: PLUME HEAT FLUX AND PLUME EXCESS TEMPERATURE indicates that there are still some long-term variations in the bulk temperature of the domain after more than 100,000 time steps of integration. However, such long-term variations do not affect our results on plume dynamics.
[19] As shown by Zhong [2006] , an important feature of plume heat flux is its reduction as plumes rise. The maximum plume heat flux Q p_max occurs at some distance above the bottom TBL or at a radius r max (Figure 2b ). For case WM01, r max is $0.64, about 600 km above the CMB. Q p_max accounts for 96% of the CMB heat flux Q cmb (Figure 2b) . In other words, most Q cmb is carried by plumes immediately above the CMB. However, the plume heat flux accounts for significantly smaller fraction of Q cmb as plumes rise to the upper mantle because of the reduction in plume heat flux. If Q p_um is defined as plume heat flux at r um = 0.953 (or 300 km depth), the ratio of Q p_max to Q p_um is found to be $2.0. This suggests that the plume heat flux is reduced by a factor of $2.0 as plumes rise from r max to r um , and that the plume heat flux in the upper mantle is only responsible for $46% of the CMB heat flux for this case. Plume excess temperature DT plume is strongly related to plume heat flux. We also quantify the plume excess temperature in the upper mantle (i.e., 300 km depth), DT plume_um , and at r max , DT plume_max . For case WM01, the ratio of DT plume_max to DT plume_um is also $2.0, suggesting that the reduction in plume excess temperature and plume heat flux are related to each other.
[20] To understand the plume heat flux variation with depth, we quantify the total diffusive heat flux Q diff_total from the lateral boundaries of plumes and its contribution to plume heat flux reduction. The following scheme is used to quantify the diffusive heat flux: (1) Mark the elements at the plume boundaries for a give depth or radius r. (2) Determine the temperature gradients in longitude and colatitude directions for each plume boundary element. (3) Determine the diffusive heat flux for each plume boundary element by multiplying the temperature gradient with the corresponding lateral area and diffusivity k. (4) Sum the diffusive heat flux for each plume boundary element to obtain the diffusive heat flux Q diff (r) at the given radius r. A noticeable trend in Q diff (r) is its moderate increase with depth in the lower mantle (Figure 2c ), possibly due to the the effects of increased plume area and thermal diffusivity with depth. Integrating Q diff (r) at different depth leads to diffusive heat flux from plumes Q diff_total . For case WM01, Q diff_total is approximately 0.4, which is less than 4% of the plume heat flux at r max of 11.8, indicating that the diffusive cooling has a negligible effect on plume heat flux reduction as plumes rise.
[21] In identifying plumes and computing plume heat flux for this case, parameters f = 0.2 and r arc = 0.15 are used. We find that varying f between 0.1 and 0.3, or varying r arc between 0.1 (637 km) and 0.2 (1274 km), has negligibly small effects on plume results (less than 1%). In our study, we use T ave as the threshold temperature T thre_edge to detect the areal extent of plumes. We also examine the effects of T thre_edge on our results by increasing T thre_edge from T ave (r) to T 0.1 = T ave (r) + 0.1[T max (r)-T ave (r)] and T 0.2 = T ave (r) + 0.2[T max (r)-T ave (r)]. As expected, the identified area of plumes decreases when T thre_edge increases. The bottom panels of Figures 3c and 3f show the identified plume regions at 1970 km and 300 km depths for T thre_edge = T 0.1 . Notice that in Figure 3f with T thre_edge = T 0.1 , there are $50 elements in the plume region. The decreased plume area for increased T thre_edge causes plume heat flux and plume mass flux to decrease (Figures 2b and 2d) . However, the reduction in plume heat flux is uniform at different depth and is generally small compared with the total plume heat flux, suggesting that our plume heat flux result is stable for different T thre_edge . It should be noticed that the plume mass flux is relatively constant as plumes rise from near the CMB to surface for a given T thre_edge (Figure 2d ), indicating that there is little material exchange between plumes and the ambient mantle. Increased T thre_edge also leads to increased diffusive heat flux (Figure 2c ). The diffusive heat flux Q diff_total is 8% and 9% of Q p_max , for T thre_edge = T 0.1 and T thre_edge = T 0.2 , respectively, which is still one magnitude smaller than Q p_max .
[22] The viscous heating and adiabatic heating tend to concentrate in the thermal boundary layers including upwellings and downwellings [Bercovici et al., 1992; Zhang and Yuen, 1996] . Figures 4a and 4b show the adiabatic heating and viscous heating at 1970 km depth, and the results are consistent with previous studies [Bercovici et al., 1992; Zhang and Yuen, 1996] . We wish to point out that at the mid-mantle depth, the viscous heating is significantly smaller in magnitude than the adiabatic heating ( Figures  4a and 4b ), although the opposite is expected in the top and bottom thermal boundary layers where horizontal motion is dominant. Particularly important for this study is that the magnitude of adiabatic heating for upwelling plumes is significantly larger than that for downwellings (Figure 4a ). This can be understood in terms of the energy balance. The total adiabatic heating must be in balance with total viscous heating for steady state convection [Turcotte et al., 1974; Hewitt et al., 1975; Jarvis and Mckenzie, 1980] and also at any time for time-dependent convection [Leng, W., and S. Zhong, Viscous heating and adiabatic heating in compressible mantle convection, submitted to Geophys. J. Int., 2007] . While viscous heating is positive everywhere, adiabatic heating is positive in downwelling regions but negative (i.e., cooling) for upwelling plumes (Figures 4a and 4b) . Therefore the magnitude of adiabatic heating term for upwelling plumes must be significantly larger than that for downwellings. This effect is important for causing reduction in plume excess temperature and plume heat flux as plumes ascend. We also show horizontal velocity at 2770 km depth near the CMB in Figure 4c , which shows that the generation of plumes is strongly affected by the downwellings, as Sleep [1992] suggested.
[23] Characteristic flow velocities including averaged surface velocity and vertical velocities for the mantle and plumes are useful in understanding the general flow pattern. For case WM01, the averaged surface velocity and vertical velocities for the mantle and plumes in dimensionless form are about 5000, 2000, and 7000, respectively, or about 2.5, 1.0, and 3.5 cm/a, respectively if they are scaled to dimensional form [Zhong, 2006] . Considering the horizontal and vertical dimensions of our models, the age of lithosphere at subduction, vertical transit time, and the rising time for plumes are about 255, 82 and 287 Ma, respectively. It should be pointed out that Rayleigh number Ra or convective vigor in our models is still too small compared to that for the Earth's mantle. However, as demonstrated by Zhong [2006] and later in this study, our main conclusions are insensitive to Ra.
[24] We now present cases with different Rayleigh number Ra, internal heat generation H, activation energy E and dissipation number D i . Cases WM02 to WM09 differ from case WM01 in having different Ra and H (Table 2) . In these cases, Ra varies between 1.2 Â 10 8 and 1.33 Â 10 7 , and H changes between 18 and 108. As described by Zhong [2006] , for a fixed Ra, increasing H tends to increase averaged mantle temperature T ave (r) and surface heat flux Q s , but to decrease plume heat flux Q p (r) and CMB heat flux Q cmb . For a fixed H, increasing Ra causes all the heat flux to increase, but averaged mantle temperature T ave (r) to decrease. This is confirmed by results for cases WM01 to WM09 (Table 3) . Additionally, cases WM02 to WM09 show similar depth-dependence for plume heat flux Q p (r) and plume temperature T p (r) to case WM01.
[25] Our resolution test demonstrates that for Ra = 4.0 Â 10 7 or smaller, grid with 144 Â 128 Â 64 elements is sufficient (Table 3 for cases WM04 and WM04L). Therefore this resolution is used for cases WM07 to WM24, but 256 Â 192 Â 64 resolution is used for cases WM01 to WM06 (Table 2) .
[26] Rheological properties and dissipation number are varied in cases WM10 to WM24, in which Ra is fixed at 4.0 Â 10 7 . Cases WM10 to WM12 use larger activation energy E = 9.21 but different H. E = 9.21 renders the viscosity contrast of 10 4 for temperature varying from 0.0 to 1.0. To maintain significant surface motion and subduction, the pre-exponential factor in the rheological equation (i.e., equation (1)) for the top 100 km, h r_lith , is reduced from 1 for preceding cases to 1/3 to offset the effects of increased E on lithospheric viscosity. The higher activation energy may increase the viscosity contrast between the plumes and the ambient mantle. For case WM01 with E = 6.91, the viscosity contrast between the plumes and the ambient mantle is about 15, while it is about 30 for case WM11 with E = 9.21. Cases WM13 to WM15 use E = 6.91, a reduced h r_lith = 0.5 and different H (Table 2) . For all these cases (WM01 to WM15), there is significant subduction and the surface motion is comparable with that in the upper mantle. The ratios of the upper mantle velocity to the surface velocity, R v , are all about 2 (Table 3) . Cases WM16 to WM18 have a higher viscosity in lithosphere with h r_lith = 10 and E = 6.91. For these three cases, lithospheric motion is much smaller than that in the upper mantle with R v > 10 (Table 3) , and there is very little subduction, similar to that in stagnant-lid convection. Dissipation number D i is an important parameter which affects the viscous heating and adiabatic heating terms. Cases WM01 to WM18 use the same dissipation number D i = 1.17. We change dissipation number to D i = 0.82 and D i = 0.70 for cases WM19-WM21 and WM22-WM24, respectively, but keep h r_lith = 0.5 and E = 6.91 (Table 2) .
[27] For all these cases, the ratios of maximum plume heat flux immediately above the CMB at r max , Q p_max , to CMB heat flux, Q cmb , are nearly 0.9 (Figure 5a ). This result is insensitive to model parameters and shows that the plume heat flux immediately above the CMB accounts for most of the CMB heat flux. Notice that for some cases, especially cases WM16 to WM18 with small surface motion, the ratio of Q p_max to Q cmb could be even greater than 1.0. This is because r max for these cases are relatively large at about 0.7 
LENG AND ZHONG: PLUME HEAT FLUX AND PLUME EXCESS TEMPERATURE (Table 3) , and the plume heat flux is influenced by the internal heating between the CMB and r max . Increasing T thre_edge from T ave to T 0.1 or T 0.2 slightly decreases the ratios of Q p_max to Q cmb (Figure 5b for T thre_edge = T 0.2 ). Therefore we conclude that Q p_max accounts for most (80% -90%) of Q cmb .
[28] The ratios of Q p_max to plume heat flux in the upper mantle, Q p_um , are all nearly 2.0 and increase slightly with internal heating rate (Figure 6a ). For plume excess temperature, the ratios of DT plume_max to DT plume_um show similar features (Figure 6b ), suggesting that variations in plume heat flux are related to variations in plume excess temperature. Notice that for cases WM19-WM24 with reduced dissipation number, these ratios are a little smaller compared with other cases with larger dissipation number. The results for increasing T thre_edge from T ave to T 0.1 or T 0.2 show that the ratios of Q p_max to Q p_um and of DT plume_max to DT plume_um are insensitive to different T thre_edge .
[29] For all the cases, Q diff_total is less than 5% and 10% of the Q p_max , when T ave and T 0.2 are used as T thre_edge , respectively, indicating that the diffusive heat flux has insignificant effects on plume heat flux reduction as plumes rise.
The Effects of Adiabatic Cooling and Subadiabatic Temperature on the Plume Heat Flux and Plume Excess Temperature
[30] Our results show a significant depth-dependence of plume heat flux and plume excess temperature. Additionally, plume temperature T p (r) appears to decrease more rapidly with radius r than the average temperature T ave (r) does, while T ave (r) shows a slight subadiabaticity (e.g., Figure 2a) . However, the responsible physical processes were not explored. In this section, we examine the effects of adiabatic cooling and subadiabaticity on the plume excess temperature and plume heat flux.
[31] Let us first present a simple analysis of effects of adiabatic cooling on the plume temperature and plume heat flux. The adiabatic temperature gradient is derived from the condition of isentropy [Turcotte and Schubert, 2002] :
Assuming constant a and C p , this equation can be nondimensionalized by using Earth's radius R e as the characteristic length scale and the temperature difference between the CMB and surface as the temperature scale. Equation (7) becomes
where D i is the dissipation number as in equation (2) and g = R e /d with d as the thickness of the mantle. The solution to this nodimensional equation is
where A is a constant.
[32] It can be demonstrated from consideration of the energy balance that the plume temperature T p also follows an adiabat. We find from our model calculations that the vertical advection and the adiabatic cooling in plume regions are at least one order magnitude larger than the viscous heating and internal heating, because of the large vertical velocity in plume regions (Figures 4a and 4b) . The latent heating effects from phase changes are localized in the upper mantle, and two phase changes at 410-km and 670-km depths tend to cancel the latent heating effects of each other. , r max , Q p_um , Q p_max , DT plume_um , DT plume_max , and R v are internal heating rate, surface heat flux, CMB heat flux, radius at which plume heat flux is maximum, plume heat flux at r um , plume heat flux at r max , plume excess temperature at r um , plume excess temperature at r max , and ratio of the upper mantle velocity to the surface velocity, respectively.
[33] Let us consider a thin segment of a plume with thickness dr. Ignoring the latent heating, viscous heating and internal heating and assuming that plume mass flux is constant at different depth (e.g., Figure 2d ), the energy balance for this segment is
where r, M and T p are average density, plume mass flux and plume temperature, respectively. rC p M(T p ) b and rC p M(T p ) t are therefore advective heat flux flowing in and out of the thin plume segment, respectively. Simplifying this equation leads to
Similarly we nondimensionalize this equation and the solution is
where B is another constant. Following equations (9) and (12), the plume excess temperature is give by
The ratio of plume excess temperature at radius r 1 and r 2 is
The nondimensional plume heat flux is given by
For constant plume mass flux at different radius ( Figure  2d ), this implies that the ratio of plume heat flux at radius r 1 and r 2 is
Equations (14) and (16) show that the ratios of plume The ratios of plume excess temperature at r max , DT plume_max , to plume excess temperature at the upper mantle depth ($300 km), DT plume_um . The symbols are the same as in Figure 5 .
excess temperature and plume heat flux at radii r 1 to r 2 are only dependent on the dissipation number D i and the distance over which plumes rise, Dr = r 2 À r 1 .
[34] For a depth-dependent a(r), the following equation holds,
where a is the averaged nondimensional a(r) between r 1 and r 2 .
[35] The nearly constant ratios of plume heat flux and plume excess temperature at r max to those at the upper mantle depth for cases WM01 to WM18 with constant dissipation number D i = 1.17 (Figure 6 ), are consistent with above analysis. For these cases, a and Dr = r max À r um are all similar (Table 3) . Therefore it is expected from our analysis that the reduction ratios of plume heat flux and plume excess temperature are similar for these cases. Notice that for cases WM16 to WM18 in nearly stagnant-lid convection, the reduction of plume heat flux and plume excess temperature are smaller than other cases (Figure 6 ), possibly due to the large r max (i.e., small Dr) for these three cases (Table 3) . Cases WM19 to WM24 have the same a and Dr as cases WM01 to WM18, but with smaller dissipation number. Given a = 0.6 (Table 1) and Dr $ 0.30 (Table 3) , the ratios of plume heat flux and plume excess temperature at r max to those at the upper mantle depth should reduce by 13% and 17% for D i = 0.82 and D i = 0.70, respectively, which is consistent with our results (Figure 6 ). The agreement between the theory and the modeling results suggests that the steeper adiabatic gradient of plumes compared with the ambient mantle are the main cause for the reduction of plume heat flux and plume excess temperature as plumes rise. The steeper adiabatic gradient for plumes results from higher plume temperature which causes a larger magnitude of adiabatic heating term for plumes.
[36] To further test this theory, we compute five simplified cases (cases A01 to A05 in Table 2 ) in which the two phase changes are removed and thermal diffusivity k and coefficient of thermal expansion a are uniform throughout the mantle. For these five cases, k is 1.59 Â 10 -6 m 2 /s, which is the averaged value of the mantle for earlier cases. However, a or dissipation number D i is variable in these five cases (Table 2) . Rayleigh number Ra is also varied according to the variation in a, except for case A05 with D i = 0, for which Ra is taken as the averaged value of other four cases.
[37] For case A01 with the largest D i = 1.05, while the average temperature T ave (r) shows slight subadiabaticity (Figure 7a ), the plume temperature T p (r) follows the plume adiabat very well (i.e., equation (12) and Figure 7b ). T ave (r) for all these five cases display slight subadiabaticity, but T p (r) follows the adiabat quite well (Figures 7a and 7b) . Note that near the CMB, there are some fluctuations in T p (r) and this is caused by the variations of the number of plumes detected with our algorithm near the CMB. This is expected as plumes near the CMB are not as well defined. Although thermal convection has reached a statistically steady state, plumes are still continuously generated and merge near the CMB, thus causing the number of plumes to vary with time. Since T p (r) is the average value over all the plumes, it is sensitive to the number of plumes, particularly near the CMB.
[38] The ratios of DT plume_max to DT plume_um and the ratios of Q p_max to Q p_um for these five cases follow the Figure 7 . (a) The temperature profiles for cases A01 to A05 (from right to left). The solid and dashed lines represent the average temperature and corresponding adiabatic temperature, respectively. (b) The plume temperature profiles for case A01 to A05 (from left to right). The solid and dashed lines represent the plume temperature and corresponding plume adiabatic temperature, respectively. The thick dotted lines represent the plume temperature for cases A03H and A05H. (c) The ratios of plume heat flux Q p_max to Q p_um (circles) and the ratios of plume excess temperature DT plume_max to DT plume_um (squares) for cases A01 to A05. Notice that the standard deviations for ratios of plume excess temperature are not drawn. The solid line represents the function e gDiDr .
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LENG AND ZHONG: PLUME HEAT FLUX AND PLUME EXCESS TEMPERATURE trend as predicted by equations (14) and (16) (i.e., e gDiDr ) reasonably well, but the numerical models uniformly overpredict the ratios relative to the theory (Figure 7c ), which we attribute to the effects of subadiabaticity. Subadiabatic temperatures for cases A01 to A05 are determined by measuring the differences between T ave (r) and T adi (r) at r max (Figure 8a ). Subadiabatic temperature decreases in general with dissipation number. The total reduction in DT plume from r max to r um is also found to generally decrease with D i (Figure 8b ). The effect of the subadiabatic temperature on the reduction of plume excess temperature and plume heat flux can be determined by computing the ratio of subadiabatic temperature to the total reduction of DT plume from r max to r um . For all the five cases, these ratios range from 20% to 30% (Figure 8c ). This suggests that the subadiabatic temperature plays a secondary role in reducing the plume excess temperature and plume heat flux, compared with adiabatic cooling.
[39] In case A05 with D i = 0, there is no adiabatic cooling, but the plume temperature still decreases gently in the lower mantle but more rapidly in the upper mantle (Figures 7a and  7b) . We attribute this to the resolution problem and also possibly relatively large thermal diffusion. In case A05, the average interior temperature is nearly constant at 0.3. However, the plume temperature is close to 1.0. The viscosity contrast between plumes and the ambient mantle is thus on the order of 10 2 , while for other cases, e.g., case A03, the viscosity contrast is just about 20. The large viscosity and temperature contrasts may require more resolution in resolving the plumes [Leitch et al., 1996; Lin and van Keken, 2005] . In the upper mantle, since the viscosity is reduced by a factor of 30, this resolution problem may become even more serious. After we increase the resolution for case A05 by a factor of 2 (case A05H), the results are improved to some extent (Figure 7b ). However, increasing resolution for case A03 (case A03H) with moderate D i does not affect the plume temperature at all (Figure 7b ), suggesting that the resolution for other cases is adequate.
[40] We now return to those more realistic cases (WM01 to WM24) with the phase changes and depth-dependent thermodynamic parameters. For these cases, the ratios of plume heat flux above the CMB at r max , Q p_max , to plume heat flux at the upper mantle depth, Q p_um , and the ratios of the corresponding plume excess temperatures are all close to be 2.0 ( Figure 6 ). As indicated earlier, the reduction in plume heat flux and plume excess temperature as plume rise is controlled mainly by the steeper adiabatic gradient of plumes compared with the ambient mantle. However, subadiabatic temperature also contributes to this reduction. We determined the subadiabatic temperatures for these cases as we did for those simplified cases (cases A01 to A05). The subadiabatic temperatures for these cases are generally between 0.01 and 0.07 (Figure 9a ). Supposing that the total temperature difference between CMB and surface is $3400 K [Boehler et al., 1995] , the subadiabatic temperature ranges between 35 K and 240 K. Notice that for large internal heating rate (>50%), the subadiabatic temperatures are generally between 0.01 and 0.05, or 35 K and 170 K (Figure 9a ). The contribution of subadiabatic temperature to the reduction of plume heat flux and plume excess temperature, determined in the same way as for cases A01 to A05, is similar, ranging from 20% to 30% for cases WM01 to WM24 (Figure 9b ). This suggests that subadiabatic temperature plays only a secondary role in causing the reduction in plume heat flux and plume excess temperature as plumes rise. 250 -350 K and 2.4 -3.6 TW, respectively [Schilling, 1991; Farnetani, 1997; Davies, 1988; Sleep, 1990] , and that the upper mantle averaged temperature T um is $1280°C [Turcotte and Schubert, 2002] . This implies that at the upper mantle depth the plume excess temperature normalized by the ambient mantle temperature and plume heat flux normalized by surface heat flux are 19%-27% and 6% -10%, respectively. The upper mantle temperature normalized by the temperature difference across the mantle is 0.338 -0.455, where the temperature difference across the mantle is taken as 3400 ± 500 K with relatively large uncertainties [Boehler et al., 1995] . Zhong [2006] quantified these observables in his models and suggested that mantle internal heating rate in whole mantle convection models is required to be $65% in order to reproduce these observations.
[42] We also quantified the plume heat flux, plume excess temperature and averaged mantle temperature at 300 km depth for cases WM01 to WM15 and WM19 to WM24, and compared them with those inferred from observations. We excluded cases WM16 to WM18 because they do not have a mobile lid. We use the background temperature in the upper mantle, T bg , instead of the average temperature T ave to define the plume excess temperature and plume heat flux, where T bg is the average temperature excluding cold downwellings [Zhong, 2006] . Given that the plume heat flux is measured from the bathymetry surrounding a proposed plume, it is more appropriate to use T bg as the average temperature instead of T ave . However, the difference between T ave and T bg is usually very small in upper mantle, 1%, from our models. Compared with Zhong [2006] , the current study covers a larger model parameter space including higher activation energy, variable lithospheric viscosity and variable dissipation number and has a higher resolution.
[43] Our results show that the normalized plume heat flux and plume excess temperature decrease with the internal heating rate, but the background temperature at the upper mantle depth, T um , increases with the internal heating rate (Figures 10a to 10d ). Increasing T thre_edge in the plume detection scheme from T thre_edge = T bg to T thre_edge = T bg + 0.2(T max ÀT bg ) only slightly decreases the plume heat flux in the upper mantle (Figures 10a and 10b) .
[44] The plume temperature in the upper mantle, T p_um , is about 0.52 for cases WM01 to WM15 with dissipation number D i = 1.17, but it is $0.64 for cases WM19 to WM24 with D i between 0.70 and 0.82. From equation (12) and for a depth-dependent a(r), the plume temperatures in the upper mantle (T p_um ) 1 for cases with dissipation number (D i ) 1 and (T p_um ) 2 for cases with (D i ) 2 can be related as following:
where the normalized surface temperature T s is $0.07 for a range of CMB temperature. For cases WM19 to WM24, given a = 0.6 (Table 1) and Dr $ 0.30 (Table 3) , the plume temperature in the upper mantle should increase by 17% and 24% for D i = 0.82 and D i = 0.70, respectively, compared to that for cases WM01 to WM15, which are consistent with our numerical results (Figure 10e ). Notice that when the dissipation number is decreased, the background temperature increases (Figure 10d ). The both increased plume temperature and background temperature do not affect significantly the distribution of plume heat flux and plume excess temperature versus internal heating rate, especially at relatively large internal heating rate (Figures 10a and 10c ).
[45] To reproduce all the plume-related observations, the internal heating rate of mantle convection is required to be $70%. This is consistent with Zhong [2006] although the required internal heating rate in the current study is a little higher than that obtained by Zhong [2006] , possibly as a result of our improved resolution.
Discussion and Conclusion
[46] We have quantified heat transfer of upwelling plumes in 3-D regional spherical models of mantle convection. Our models employ temperature-and depth-dependent viscosity, depth-dependent coefficient of thermal expansion and thermal diffusivity, and extended Boussinesq approximation. Our models use different Rayleigh number, internal heating rate, activation energy, lithospheric viscosities and dissipation number. The primary results from our calculations can be summarized as following. [47] (1) Nearly 80% -90% of the CMB heat flux is carried by upwelling plumes immediately above the thermal boundary layer of the CMB. However, the plume heat flux decreases by approximately a factor of two as plumes rise from near the CMB to the upper mantle for models considered in this study. The plume excess temperature also decreases by a similar factor as plumes rise.
[48] (2) This reduction in plume heat flux and plume excess temperature is controlled mainly by the steeper adiabatic gradient of plumes due to their elevated temperature. Adiabatic cooling of plumes causes the plume heat flux and plume excess temperature to decrease by a factor of e agDiDr for plumes to ascend over a distance Dr. Adiabatic cooling of plumes contributes 70%-80% to the plume heat flux reduction from above the CMB to the upper mantle. [49] (3) Subadiabatic temperature contributes 20%-30% to the plume heat flux reduction and its effect is secondary to the adiabatic cooling. For CMB temperature of 3400°C, the subadiabatic temperature from our models ranges from 35 K to 170 K for >50% internal heating rate.
[50] (4) This study covering larger parameter space with higher resolution confirms that the mantle internal heating rate is required to be $70% to reproduce the observations of plume heat flux, plume excess temperature and upper mantle temperature, as reported by Zhong [2006] .
[51] An important implication of our results is about to what extent the plume heat flux estimated from the plate motion and swell topography by Davies [1988] and Sleep [1990] represents the core heat flux. Davies [1988] and Sleep [1990] considered their estimated plume heat flux for the upper mantle to be the same as the core heat flux. Our results suggest that while the core heat flux is largely (80%-90%) released through plumes above the CMB, supporting the original suggestion by Davies [1988] and Sleep [1990] , the plume heat flux also decreases by a factor of two or more as plumes rise from near the CMB to the upper mantle. Therefore the estimated plume heat flux for the upper mantle by Davies [1988] and Sleep [1990] significantly underestimates the CMB heat flux by at least a factor of 2.
[52] That the CMB heat flux was significantly underestimated by the estimated plume heat flux from swell topography was also suggested by Labrosse [2002] , Bunge [2005] , Mittelstaedt and Tackley [2006] and Sleep [2006] , but for different reasons as reviewed in the introduction section. Labrosse [2002] and Mittelstaedt and Tackley [2006] quantified plume heat flux in their models. They found that plume heat flux represents much smaller fraction of the CMB heat flux, but did not observe significant plume heat flux reduction as plumes rise. The difference between their results and ours may be caused by model geometry and model assumptions. Our models are formulated in 3-D spherical geometry with adiabatic heating and more realistic rheology, while Laborosse's models are in 3-D Cartesian geometry with constant viscosity and without adiabatic heating (i.e., Boussinesq approximation). Mittelstaedt and Tackley [2006] considered various 2-D models with realistic rheology, but they did not consider 3-D spherical geometry and adiabatic heating either. Models with a 3-D spherical geometry tend to give a smaller mantle average temperature, thus enhancing the plume heat flux, compared with Cartesian models or 2-D cylindrical models. Adiabatic cooling of plumes due to plumes' large temperature is important in reducing the plume excess temperature and plume heat flux as plumes rise, as suggested by Zhong [2006] , and clearly demonstrated in the current study.
[53] Bunge [2005] suggested that the plume heat flux may decrease by a factor of 3 as plumes rise from the CMB to the upper mantle. However, he emphasized the role of subadiabatic temperature that may be as large as 500 K from his models. We also observe subadiabatic temperatures for all of our cases, but with much smaller amplitude (mostly less than 200 K). Our calculations show that the subadiabatic temperature may contribute up to 30% to the reduction of plume heat flux in our models.
[54] Our study indicates that the internal heating rate for whole mantle convection needs to be $70%. This suggests that the CMB heat flux is $11 TW, taking convective surface heat flux for the present-day mantle as 36 TW. This CMB heat flux is more than three times of what was suggested by Davies [1988] and Sleep [1990] , but is consistent with recent estimates from seismic studies [van der Hilst et al., 2007; Hernlund et al., 2005; Lay et al., 2006] . It should be pointed out that the plume heat flux reduction ratio increases slightly with the internal heating rate and the ratio is $2.5 for internal heating rate of $70% (Figure 6 ).
[55] Furthermore, our study suggests a simple relation of the plume temperature in the upper mantle to the CMB temperature and the averaged coefficient of thermal expansion for the mantle a. As shown in Figure 10e , the nondimensional plume temperatures in the upper mantle are nearly 0.52 for cases WM01 to WM15 in which the average coefficient of thermal expansion is 2.4 Â 10 À5 /K. Given that the ambient temperature and the plume excess temperature in the upper mantle are 1280°C [Turcotte and Schubert, 2002] and 250-350°C [Schilling, 1991; Farnetani, 1997] respectively, the plume temperature in the upper mantle ($300 km depth) is 1530-1630°C. This suggests that the CMB temperature is 2940 -3130°C, or 3220-3410 K, which is on the low end compared with previous studies, but remains in the range of uncertainties [Boehler et al., 1995] . If the recent estimate of CMB temperature of 3950 K based on a seismic study is valid [van der Hilst et al., 2007] , then this suggests that the coefficient of thermal expansion for the mantle is larger than that used in our studies. Supposing that the CMB temperature is 3950 K [van der Hilst et al., 2007] , the nondimensional plume temperature in the upper mantle is 0.42-0.44, which suggests the average coefficient of thermal expansion for the mantle is approximately 3.2 Â 10 À5 /K.
[56] The physical processes in CMB regions are important but also complicated. In this study, we focus on plume dynamics and its implications for the CMB temperature and heat flux. A number of related areas deserve more studies. Subadiabatic temperature from mantle convection studies are rather different [Bunge, 2005; Bunge et al., 2001; Zhong, 2006] , and more studies are needed to understand the difference, given its relevance to mantle dynamics and seismic properties of the mantle. Our models are computed in the whole mantle convection regime, while global seismic tomography and waveform studies indicate that the mantle is probably chemically heterogeneous [Masters et al., 2000; Ni et al., 2002; Wen et al., 2001] . The results from current study therefore should be examined in thermochemical convection models as in the work of Zhong [2006] . Recent studies suggested that there may be a peroviskite to post-peroviskite phase change near the CMB [Murakami et al., 2004] . It is necessary for the future work to integrate this phase change into the numerical models and investigate its effects on the dynamics of plumes [Nakagawa and Tackley, 2006; Kameyama and Yuen, 2006] . The extended-Boussinesq approximation used in our models is a good approximation to simulate the adiabatic effect in the mantle, but future studies on plume dynamics may need to employ fully compressible convection models [Tan and Gurnis, 2005; Ita and King, 1998 ]. Finally, our models are for quasi-steady state thermal convection while the Earth cools over time. It is also interesting to include secular cooling of the mantle in our models and study its effects on the conclusions.
